A geophysical investigation of subsurface structures using the Syscal Junior 48 resistivity-meter was conducted in Ngoura subdivision (East Cameroon) following a combined geoelectrical direct current (DC) approach involving Resistivity and IP methods. This investigation was allowed to collect data on forty-five ( 
Introduction
Ore bodies' quest is a major concern for mining research. It assesses the mineral potential of the area. It is in this perspective that a geophysical investigation combining simultaneously IP and DC geoelectrical methods is conducted in Ngoura subdivision (East Cameroon). The approach of this study is to collect geoelectrical data along fifteen (15) profiles of E-W direction. The results (from resistivity and chargeability maps, resistivity and chargeability pseudo-sections and geological sections) from this campaign will make it possible to map and identify mineralized or gold-bearing bodies along the tectonic lines (fractures or shear zones) in the Ngoura subdivision. They will also reveal the reliability of a combined approach involving DC resistivity and IP geoelectrical methods in geophysical investigations.
Geological and Tectonic Setting
The area under study (Ngoura subdivision) is located between the latitudes 4.921˚N and 5.054˚N, and the longitudes 14.296˚E and 14.472˚E (Figure 1 and Figure 2 ). This zone has a smooth relief with altitudes ranging between 700 and 800 m [1] , and the structural trends in the area are NE-SW as broadly shown by the Kadei River flow path (Figure 2) . The region is characterized [1] by a four-season tropical climate alternating two dry and rainy seasons. The savanna corresponds to the pertaining vegetation.
The Ngoura subdivision is located in the transition zone between the Pan African domain and the Congo Craton [2] [3] , in the northern edge of the Cameroon faults' zone. This region of Cameroon is essentially made up of a Precambrian basement comprising metamorphic and magmatic rocks [2] [4]- [6] . These rocks belong to several epochs of the Precambrian and sometimes outcrop. These are mainly granites and migmatites rejuvenated during the Panafrican event [2] [3] . The Ngoura area is mainly made up of (Figure 1(a) ):
• Biotite and muscovite quartzites, muscovite sericitic and conglomeratic quartzites, chlorite and sericite schists, paraamphibolites, orthogneisses, biotite gneisses and, pegmatites and quartz veins [7] constituting the Precambrian basal complex aged between 2.5 and 1.8 billion years. The mining activities of primary gold deposits in the study area (Figure 1(b) ) show the real presence of pegmatite and quartz veins, main primary sources of gold deposit [1] [8].
• Plutonic and metamorphic formations [7] [9] made up of calc-alkaline granites with a porphyritic and alkali facies; granodiorites and syenites containing heterogeneous and undifferentiated biotite facies; quartz-diorites; micaschists, migmatites and embrechite gneisses; • The main sedimentary rocks encountered are sandstones, sand, marl, limestones and, Paleozoic and Mesozoic conglomerates [7] [9]. Soils are red ferrallitic on the hills and plateaus and the geological cover of the study area can be seen in artisanal mining pits (Figure 1(b) ). The geological section of the study area can be seen in the artisanal mining pits (Figure 1(b) ) and borehole cross sections Pt01, Pt02, Pt03 and Pt04 (Figure 3) realized by a team of both Mining & Geology Directorate and BRGM's personnel from Cameroon [8] .
The tectonic facts revealed that, the study area is characterized by four deformation phases D1-D4 [4] [6] [10] . The observed tectonic lines are directed SW-NE below, and turned to be SE-NW above the 4˚N parallel ( Figure  1) . Previous geophysical studies [10] [11] have shown evidence of some buried faults directed W-E and have confirmed tectonic nappes with a southern vergency. According to geological studies [6] , the Pan-African deformation affecting the study area which appertains to the southern segment of the Neoproterozoic Fold Belt of Central Africa in Cameroon, is controlled by thrust tectonics and late strike-slip shear zones: the thrusting of the Pan-African Nappe over the Congo Craton (D2 deformation phase) is followed by a strike-slip shearing trending ENE-WSW (D3 deformation phase). During these stages, deforming conditions were ductile to brittle-ductile. The dominant structural features of the D3 phase are penetrative foliation steeply dipping N or S, an associate ENE-WSW stretching lineation, and a N-S to NE-SW folding. Deformation criteria in the distinguished rock units indicate dextral shear. A dextral trans-pressional model is assumed [6] to explain the observed thrust and shear movements.
Few metallogenic data concerning mineralized bodies are available. This observation is the reason why the present study will combine direct current and induced polarization methods, in order to identify structural features where potential mineralized bodies can be found. The gold-bearing quartz and pegmatite veins are case studies to this combined approach in the Ngoura subdivision (East Cameroon).
Methods

Direct Current
The resistivity of materials is a good indicator and parameter for the nature and the weathering. Hence electrical prospecting methods have been used for a long time in geological and geotechnical engineering [12] [13] . These methods, both qualitative and quantitative, are based on the Ohm law [12] [13] . They consist in the injection of a direct current in the ground and the measurement of the electrical potential which enables to obtain the true resistivity of encountered formations [12] [13] . In our study area, while considering the geological setting, Schlumberger sounding and profiling methods have been used to determine: the thickness, the lateral extension and the nature of formations encountered along a profile; and to highlight the geometry of geological bodies related to contrasted electrical characteristics [12] [13] .
Field electrical methods (DC) consist in injecting an electrical current in the ground between two electrodes A and B, and then, measuring the induced potential drop between two so-called potential electrodes M and N [12] [13]. For the current intensity is known and the potential drop measured, it is therefore possible to determine the ground apparent resistivity [13] . This apparent resistivity depends on the current and potential electrodes array. The apparent resistivity ρ a (Rho) can be expressed as a function of the potential drop and the current intensity [14] .
( )
where ρ a is in Ohm•m, and K (in m) is the geometric factor depending on the electrodes' array which is given by the formulae 2 below.
• V MN : potential drop between electrodes M and N, in mV.
• I AB : electric current injected between electrodes A and B, in mA.
For the Schlumberger symmetrical configuration (Figure 4) , the apparent resistivity ρ a is given by Equation (3) as follow [13] [15] .
This resistivity value enables to characterize a formation at a given position (O) or station (Figure 4) . The resistivity of an earth's material depends essentially on the humidity and the clay proportion for a given volume of that material [13] [16] . While clay and water fill in any vacuum in a rock, one assumes that the resistivity is function of parameters such as fracturing, fractures and fissures clay filling in, porosity, the clayey clogging of alluvium [4] [12] [13] [16].
Induced Polarization (IP)
The induced polarization (IP) method ameliorates electrical methods by measuring the apparent chargeability or chargeability M of the earth material [17] [18] . Chargeability enables to assess the earth's capability to accumulate and return an electric current so do a capacitance when currents are injected then interrupted [15] [18] . The chargeability is measured by a ground injection of electric signal gaps (current (I)) using two injection electrodes A and B while the potential drop is measured using two receiving electrodes M and N (Figure 4) . When IP effects occur, a voltage decreasing curve Vs(t) is observed at the receiving electrodes M and N during current stops between each gap [15] [18] .
The chargeability M is defined as the ratio of secondary voltage (V S ) measured at a moment t after the current stoppage, over the primary voltage (V MN ) measured before this break [15] [18] .
The secondary voltage can be measured at a single point after the stoppage of the current, but it is wise to wait a bit for measurement to be reliable [12] [15] ; then the area below the curve can be calculated. The chargeability is given by the formulae below:
It appears that this value is independent of the current injected in the earth. A time dependent transformation is often made in order to enable chargeability values to be comparable from one instrument to another [12] [15] . So, the chargeability expression becomes: ( ) ( )
The chargeability unit is generally mV/V. The flow of the electrical current within ground goes along with electrochemical processes whose intensity and characteristics are function of physical and chemical properties of the earth material. This current's flow can follow two patterns as stated by many authors [12] [15] [18] .
• By electrical conductibility for which free electrons' motion occurs in metallic particles (pyrite, chalcopyrite, ...); • By electrical conductibility for which ions' displacement occurs in the fractures and pores fluid contents of rocks The induced polarization causes electrochemical processes occurring when the current flows from an ionic conductibility medium (water) to an electronic conductibility medium or, from an ionic conductibility medium to a low conductive medium, or with a contact between two different ionic conductibility media [12] 
Material and Data Acquisition
The geoelectrical data acquisition was realized along fifteen profiles following E-W direction. This acquisition is made by combining electrical sounding and profiling through the Schlumberger configuration (Figure 4) along the geophysical profiles [12] [13] . It permits to collect forty-five profiling lines for three Schlumberger configurations (AB = 100 m, MN = 10 m; AB = 200 m, MN = 20 m and AB = 500 m, MN = 50 m) and two electric panels L1 and L4 (Figure 2) . The AB maximum length was held at 600 m to target lithological formations at an approximate depth ranged between 114 and 120 meters [19] . To avoid miscellaneous due to formations' anisotropies, sounding and profiling surveys were E-W oriented (Figure 2) .
We used the direct current resistivity-meter Syscal Junior 48 (IRIS Instrument) system which can run under the Rho & IP mode, thus enabling simultaneous measurements of the resistivity (Rho) and the chargeability (M) of subsurface structures. Chargeability measurements are sensitive to the induced electromagnetic field fluctuations and sometimes to the local ground resistivity [15] [19] . Thus, electrical data acquisition is made using both the Schlumberger direct method during which the current is injected through A and B electrodes, and the Schlumberger reverse method, for which the current is injected through receiving electrodes M and N [16] . The uniqueness of solutions from either of methods above for the same array is governed by the superimposition and the reciprocity principles [16] . The apparent resistivity and chargeability data from Schlumberger profiles were processed and modelled using the Geotomo Res2Dinv software [20] [21] to obtain pseudo-sections or inverse pseudo-sections that reflect the true resistivity and the true chargeability values of subsurface structures studied [20] [21] . The electrical soundings providing the depth distribution of layers for each station (Figure 4) were interpreted using WinSev software from Geosoft [22] . Interpolation of resistivity and chargeability values using Surfer software [23] yielded respective maps which show their spatial distribution in the area under study.
Results
Resistivity and Chargeability Maps
Interpolation of electrical dragged data (AB = 500 m, AB = 200 sets AB = 100 m) has produced resistivity and chargeability maps. They represent apparent resistivity and chargeability isobaths for field trenches exposed at apparent depths of 95 m, 38 m and 19 m (Figure 5 and Figure 6 ). These maps help to discriminate areas with conductive anomalies, favorable to tectonic features (faults, fractures or shear zones) to those of polarizability anomalies, favorable to metalliferous disseminations [12] [13] [24] [25] .
The resistivity maps presented in Figure 5 show conductive discontinuities zones characterized by low resistivity values (Rho < 1500 Ω•m). At 19 m deep, a conductive zone (dashed blue line) characterized by nearly low resistivity gradients (Rho < 2000 Ω•m) covers most of the investigated area. Its extension decreases with depth. It is (surrounded by) resistant area characterized by high resistivity values (Rho > 3000 Ω•m) and tightening of iso-resistivity contours. Also, topographic surveys show that this area is of low altitude ( Figure 5) . It can thus be interpreted as a fracturing zone and alteration of subsurface formations [26] [27] . East of the iso-value maps at all investigated depths (19 m, 38 m and 95 m), a NE-SW conductive anomaly characterized by high resistivity contrast and tightening of iso-contours is observed parallel to the Kadei tectonic line. It was interpreted as a major discontinuity (fracture or fault) and characterized as a major NE-SW tectonic lineament [26] [28] . The iso-resistivity contours of resistant blocks are concentric and discontinuous. They show a N-S discontinuity zone observable at all depths ( Figure 5) . Moreover, the high resistivity ranges observed in this study, and the works of several authors [7] [24] [27] show that the study area rests on a very strong or granitic basement. Figure 6 shows the distribution of chargeability at 19 m, 38 m and 95 m depths, respectively. This distribution characterizes the surface distribution of polarizable disseminated structures for each depth level [18] [29] [30] . The eastside of the three maps shows an anomaly (Figure 6 ) characterized by high chargeability values and changes in the NE-SW direction. Its extension is assigned to a vein evolution. This anomaly can be interpreted as a high concentration of disseminated metalliferous minerals in a quartz and pegmatite veins [18] [29]- [31] . At all depths, the NW oriented central zone is almost devoid of polarizable structures. It is partly localized in low altitude areas. The low polarization patterns may reveal either the presence of highly fractured Figure 6 ). They are located in low altitudes areas and may be interpreted as metallic mineral deposits in shallower weathered horizons [12] [30] [31] .
The resistivity and chargeability distribution maps ( Figure 5 and Figure 6 ) at specific depths beneath the study area highlight a broad NE-SW major conductive and highly polarizable discontinuity which aligns itself with the Kadéi tectonic line. Figure 7 shows the resistivity and chargeability pseudo-inverse sections. They were realized using Res2Dinv software [20] [21] and correspond to the electrical panels along L1 and L4 profiles, respectively (Figure 2 and Figure 5 ). The depth of investigation for each profile is about 120 m. This depth corresponds to the maximum length of the cable (AB = 600 m) according to the position xl along a profile [19] .
Pseudo-Sections
Electric sections in Figure 7 (a) and Figure 8(a) show alternating resistant fields (Rho > 2500 Ω•m) slightly resistant (1000 < Rho < 1500 Ω•m) at surface (depth < 9 m). These observed resistivity ranges are attributed to the nature of laterites and sedimentary layers that form the cover of the study area (Figure 1) . Less than 60 m deep and below the sedimentary cover, eleven (11) conductive zones (CZ) were identified (Figure 7(a) ). They are characterized by conductive cores (Rho <1000 Ω•m) and can be interpreted as conductive discontinuities (fractures, faults or shear zones) [12] [25] [26] . The CZ_3 conductive zone extends more than 120 m (elevations difference) and deep and it is limited between positions xl = 650 m and xl = 1100 m by sub vertical iso-resistivity contours (Figure 7(a) ). It can be interpreted as a major discontinuity, either a fracture or a shear zone [10] [12] [26] . Between positions xl = 1100 m and xl = 2100 m along profile L1, most of the crossed subsurface layers are very resistant (with resistivity gradients sometimes greater than 20,000 Ω•m), especially in depth (Figure 7(a) ). They seem to have experienced tectonic stresses which are observed as folded and heterogeneous forms displayed by all the iso-resistivity contours [26] . The high resistivity values recorded and the forms of iso-resistivity contours observed (Figure 7(a) ) characterize resistant or granitic rocks which have suffered considerable tectonic stresses [12] [26] . Moving towards the north (Figure 8(a) ), the pseudo-section of profile L4 has almost the same geological and structural setting as profile L1. However, an expansion to the west of the CZ_3 conductive zone is noted (between xl = 50 m and xl = 750 m). It represents the conductive area CZ_1 * along profile L4 (Figure 8(a) ). It is also noted (Figure 8(a) ) on other areas (CZ_2 * CZ_3 * CZ_4 * CZ_5 * CZ_6 * ) but many of them are extensions of the discontinuities observed along the profile L1.
The electrical section shown in Figure 7 (b) allows to appreciate the distribution of chargeability gradients along the profile L1. One notes to this effect an unbalanced distribution of chargeability gradient (Figure 7(b) ).
The area between the positions xl = 600 m and xl = 1100 m has a chargeability anomaly characterized by high values [12] [18] [29] . They are attributed to a strong polarization of structures and can be interpreted as a high concentration of metalliferous minerals disseminations in quartz and pegmatite veins [12] [18] [29] [32] . Out of this area, the chargeability gradient is low reflecting a low concentration of disseminated metalliferous minerals or the presence of sulfate minerals [32] [33] .
Moving towards the north (Figure 8(b) ), the above-mentioned anomaly at profile L1 pass through profile L4 between positions xl = 50 and xl = 750. The observed gradient is higher. Additionally, along profile L4, three discontinuity zones characterized by chargeability contrasts are observed. They are located between xl = 1050 m and xl = 1350 between xl = 1550 m and xl =1750 m and between xl = 2950 m and xl = 3550 m. They suggest the presence of relatively polarizable particles concentrations disseminated in the basement [12] [18] [29] [32]. Figure 9 and Figure 10 present the geological sections along profiles L1 and L4. They were realized through the interpretations of sounding curves and geological reconnaissance of outcrops (Figure 1) . These sections quantitatively illustrate the lithology of the study area [16] [34] .
Geological Sections
The spacing of geological columns is 100 m along profiles L1 and L4 ( Figure 9 and Figure 10 ). This spacing varies in the presence of marshy areas. Geological columns from the eastside of the study area are dominated by thick conductive horizons. These thicknesses confirm the presence of a major conductive anomaly therein [16] [24] [27] that cut profiles L1 and L4 over a deep and lateral extension 115 m and 600 m respectively (Figure 9 and Figure 10) . Moreover, west of the study area, the profiles display less thick (<35 m) conductive horizons ( Figure 9 and Figure 10 ). These horizons are associated to a sandy clay alteration. They show that the western zone is a shallow fracturing zone and deposit of weathered formations. These highlights comfort early results [16] 
Discussion
Analyze of resistivity and chargeability contrasts through the resistivity and chargeability maps show that spatial distributions of resistivity and chargeability for every underground explored level are not uniform. The resistivity contrasts highlight conductive horizons that characterize infiltration or mineralogical fluid movements' areas within granitic structures [32] [33] . The greatest output of the study is the mapping of a major highly conductive and mineralized anomaly of NE-SW direction, parallel to the direction of the Kadei tectonic line. The geometrical characteristics (deep and lateral extension) of this anomaly suggest the presence of major anomaly in the study area. Comprehensive studies of this anomaly helped produce two electric panels (Figure 2) . They are parallel and of E-W direction (Figure 2) . The results obtained through the L1 and L4 pseudo-sections show a highly conductivity and high mineralisation of formations that run along the NE-SW anomaly over a depth extension greater than 120 m and a lateral extension of about 600 m (Figure 7 and Figure 8) . Also, the results obtained through L1 and L4 geological sections confirm the highly conductive anomaly with a depth and lateral extension of 115 m and 600 m, respectively (Figure 9 and Figure 10) . This high conductivity characterized by the presence of conductive horizons in depth or superficial alteration, is a good indicator in mining and hydrogeological research works [12] [25] [30] . Actually, in mining and hydrogeological researches, superficial or deep conductive horizons characterize accumulation zones of metalliferous minerals or groundwater [12] [25] [27] [30] . The results of this study show that the Ngoura subdivision's geology is both affected by a fracture zone or a major shear zone and highly mineralized. The strong mineralization characterizes the presence of a high concentration of disseminated metalliferous minerals. Moreover, the eastern region of Cameroon hosts the first choice gold mining activities [1] [8] [25] [35] , hence the NE-SW anomaly highlighted in this study is somewhat a considerable potential auriferous quartz or pegmatite vein. The results of this study are in line with the geological and tectonic work carried out in the region [2] [3] [7] - [10] also marked by the NE-SW Kadei tectonic line.
Conclusion
A combined approach involving geoelectrical DC resistivity and IP methods was used as geophysical tool in the investigation of subsurface structures in the Ngoura subdivision (East Cameroon). Field data acquisition was carried out with a Syscal Junior 48 resistivity-meter. The interpretations of the collected data helped to highlight parallel to the NE-SW Kadei tectonic line, a major conductive and highly mineralized lineament (fracture or shear zone). This strong mineralization characterizes the presence of a great concentration of disseminated metalliferous minerals. The mining reconnaissance works in the area and several authors have characterized this anomaly to a gold quartz vein or extended pegmatite veins. This information is in line with the geological and tectonic setting of the region marked by NE-SW Kadei tectonic line. Thus, the present study supports the combination of IP and DC geoelectrical methods as a potential approach to the identification of mineralized bodies.
